METHODS

Patients:
Thirty-four patients with retinoblastoma were recruited between 2013 and 2017 at the National Institute of Ophthalmology in Hanoi, Vietnam. Diagnosis of Rb was established by standard ophthalmologic and histological criteria. The age at diagnosis was between 3 and 36 months old. Written and signed informed consent from a patient's parent was obtained before the genetic test for RB1 was performed. A total of 5 ml peripheral blood samples from patients and their available parents were collected into a standard EDTA tubes and stored at -20°C until DNA extraction. Once a patient was identified as having a germline mutation, parental available samples were checked for the mutation at the same nucleotide position on the RB1 gene. This study was approved by the Institutional Review Board (IRB) of the Institute of Genome Research, Vietnam Academy of Science and Technology. The study protocol was in accordance with the provisions of the Declaration of Helsinki and the Association for Research in Vision and Ophthalmology (ARVO) statement on human subjects.
DNA extraction: Genomic DNA was isolated from peripheral blood leukocytes using the Omega E.Z.N.A Blood DNA Mini Kit (Omega Bio-tek, Norcross, GA) according to the manufacturer's protocol. DNA quality was evaluated with agarose gel electrophoresis and spectrophotometry at 260 and 280 nm (BioSpectrometer Basic; Eppendorf, Hamburg, Germany).
PCR and sequencing:
Screening of germline mutations in the RB1 gene was preceded by Sanger sequencing for the entire 27 coding exons and their flanking regions using the primers as described by Abouzeid (2009) [7] with slight modifications using primer 3 software. PCR was amplified in a PCR Mastercycler pro S (Eppendorf) in a total volume of 25 µl containing 25-50 ng of genomic DNA, 0.5 pmol of each primer, and 12.5 µl of Taq 2X Master Mix (New England Biolab, Ipswich, MA). Dimethyl sulfoxide (DMSO) was added to the amplification reaction of the promoter-exon 1 fragments. PCR cycling was initiated with the denaturation step at 95 °C for 2 min, followed by 35 cycles of 95 °C for 30 s, annealing at the specific temperature for 30 s, 68 °C for 30 s to 1 min, and a final extension step at 68 °C for 5 min. The amplicons were purified using a MultiScreen PCR filter plate (Merck Millipore, Darmstadt, Germany). The purified products were sequenced using the ABI Big Dye Terminator v 3.1 Sequencing Standard Kit (Applied Biosystems, Foster City, CA) and run on an ABI 3500 Genetic Analyzer (Applied Biosystems). The sequence data were analyzed by comparison with the standard sequence of the RB1 gene (GenBank L11910.1) using BioEdit sequence alignment editor software. Additional information about mutations in the RB1 gene and polymorphisms was confirmed from the RB1 variation database rb1-lsdb and The Human Gene Mutation Database (HGMD).
MLPA analysis:
The SALSA MLPA probemix PO47-B1 RB1 (MRC Holland) was used to detect single-to multiexon deletions or duplications at the RB1 locus. The probemix contains probes for detecting 26 of 27 RB1 exons without exon 15. The procedure was performed according to the manufacturer's instructions using 50 ng of genomic DNA from the participants' peripheral blood. PCR amplicons ranging between 100 and 500 nt were separated on Genetic Analyzer 3500 (Applied Biosystem). The results were analyzed using Coffalyser.Net Software. Coffalyser.Net uses 0.7 and 1.3 as cut-off values for heterozygous deletion or duplication, respectively (normal status is diploid).
RESULTS
A total of 34 samples from 12 (35.29%) male and 22 female (64.71%) Vietnamese patients with Rb and their available parents were subjected to molecular diagnosis. Twenty-four patients were affected bilaterally (70.59%), and ten were affected unilaterally (29.41%). Concerning inheritance, 25 were sporadic cases (73.53%) while nine were family cases (26.47%). Of these family patients, one case (RB15) was first diagnosed with sporadic bilateral retinoblastoma and then reclassified as a family history because her younger sister later developed Rb. The clinical data for the patients were summarized in Appendix 1.
Analyzing the DNA samples with the Sanger sequencing method yielded a pathogenic heterozygous mutation rate of 55.88% (19/34) . Of these mutations, 15 cases (78.95%) were affected bilaterally, and four (21.05%) were affected unilaterally. In the spectrum of mutation types among the 19 mutations, 36.84% (7/19) were nonsense, 31.58% (6/19) were frameshift, 26.32% (5/19) were splicing alterations, and only 5.88% (1/19) were missense. The distribution of the mutations in the RB1 gene is shown in Figure 1 . Among the detected mutations, 78.95% (15/19) were located in the regions encoding two conserved domains A (exons [12] [13] [14] [15] [16] [17] [18] and B (exons 19-23) of the pRb pocket. Among these cases, 11 were sporadic (9/15 bilateral and 2/15 unilateral), and four were familial Rb (2/13 for each bilateral and unilateral). Only one missense mutation substituting arginine to tryptophan at codon 661 (p.Arg661Trp) in exon 20 was found in the cohort, and the mutation was relevant to the mild expression of sporadic unilateral Rb. Four substitution mutations were found in intron 2 (c.265-1G>T), intron 21 (c.2211+1G>A), intron 12 (c.1215+1G>A), and exon 19 (c.1960G>A) that altered canonical splice signals. In this study, one novel insertion and two novel deletions in the RB1 gene were revealed in the cohort, representing 15.79% (3/19) of all mutations, including a familial bilateral, a sporadic unilateral, and a sporadic bilateral (patients RB7, RB6, and RB12, respectively). Noticeably, all of these novel mutations were located in the important protein-binding sites of domain A of the pRb pocket (c.1337insTA in exon 14, c. 1449-1450delTA in exon 16, and c.1312delT in exon 13; Figure 2 ). Further analysis of the parental origin of the detected mutations showed that two were inherited from the father of RB15 and RB24 (c.1960G>A; Figure 3A) , one from the mother of RB35 (c.1494T>G; Figure 3B ) and one from the father of RB17 (c.2939T>G; not shown).
MLPA of the negative cases from the PCR sequencing revealed 17.65% (6/34) of the patients had whole or a partial gene deletion in heterozygous state, of which all were bilateral. There were two-whole allele deletion cases for which the clinical diagnosis was heritability from the father (patients RB20 and RB21). In patient RB38, the gross deletion was identified from exon 4 to 27 of the RB1 gene. The complete list of mutations in RB1 and gene deletions in the cohort is summarized in Table 1 .
No pathogenic mutation was detected in the remaining nine sporadic cases (five unilateral and four bilateral) either with Sanger sequencing or MLPA, accounting for 26.74%. Among these cases, unilateral patients RB10 and RB14 showed alterations in c.607+61C>A (non-reported) and c.540-23dup (reported twice/LOVD) in intron 6, respectively. The frequency of non-identified and identified mutations for the 34 patients is presented in Figure 4 .
DISCUSSION
Retinoblastoma is a primary intraocular malignancy occurring in children and has a high risk of mortality. The incidence in Vietnam is one of the ten highest rates in AsiaPacific countries [8] . To our knowledge, this is the first study to comprehensively screen germline mutations in the RB1 gene in Vietnamese patients with retinoblastoma.
To date, more than 1,900 distinct mutations have been reported in the RB1 gene worldwide [9] [10] [11] [12] , and they are scattered all over the gene. However, the point mutations found in this study were observed to be located mainly in two regions: One was around exon 3, and the other was the sequence encoding two pRb pockets, A and B (Figure 1 ). These domains are sufficient to interact and inhibit the E2F transcription factors that makes protein pRb play a vital role in cell cycle regulation, promoting G1/S arrest and growth restriction [13] . Thus, mutations located on mutational hotspot regions indicate a high frequency of tumorigenesis in many types of cancer, including retinoblastoma [14] . Out of 34 patients, mutations resulting in absent or premature chain termination due to gross insertions or deletions, nonsense, and frameshift associated with high-penetrance disease were found in 54.89% of the patients. In contrast, missense and splicing mutations related to low penetrance Rb were found in 17.65% of the patients.
In this study, 13 parental and 15 maternal samples of mutation-positive patients were examined to determine the inheritance of the mutations. Three point mutations originated from parents, and two large deletions were transmitted from fathers. A constitutional mutation was identified in Figure 1 . Schematic representation of sequence mutations detected in 25 patients across the RB1 gene. Distribution of mutations in RB1 is described by mutation type in the promoter region, 27 exons, and splice sites of the gene. The functional domains A and B are shown; the numbers in boxes refer to the exons. The symbols denote • missense, ▲splicing, ♦ nonsense and ■ frameshift mutations. A total of one partial and five whole gene deletions of RB1 are presented as the shaded bars. All mutations and gene deletions in the patients were detected in the heterozygous state. a 6-month-old male patient (RB17) and his father whose right eye was enucleated. Likewise, the splice-site mutant (c.1960G>A) leading to reduced penetrance was detected in two siblings (RB15, bilateral; RB24, unilateral) and in their father who was unaffected ( Figure 3A) . The only mosaic mutation was found in the mother of RB35 whose right eye was removed while her daughter's mutation was in the heterozygous state ( Figure 3B ).
The novel mutations in the present study exhibited frameshift, one of the majority of germline mutations associated with bilateral Rb and high penetrance (>90%) [6] . This type of mutation has a great impact on the phenotype because it completely abolishes the activity of one allele. The affected patients, thus, will most likely develop tumors in both eyes [15] . Two patients (RB7 and RB12) were diagnosed bilaterally. However, the alteration of RB1 open reading frame in the case of patient RB6 (female) expressed a unilateral tumor only at the time of diagnosis at 3 months old. Thus, her remaining eye should be monitored for tumorigenesis.
It is obvious that the precise diagnosis of mutations would contribute to prenatal and preimplantation genetic testing to manage disease and provide appropriate therapy for the infant or child with retinoblastoma. In the case of patient RB45, as she is the first patient with bilateral retinoblastoma in her family and her frameshift mutation was de novo, her pregnant mother can expect to have a third child with a decreased fetal risk ( Figure 3C ). Such a risk has been reported to range from 2.5% to 0.007% [16] . Therefore, molecular genetic monitoring for patients with Rb is extremely important for giving accurate strategies in genetic counseling.
MLPA recently has been believed to be a sensitive and sequence-specific technique for detecting cytogenetic and subcytogenetic abnormalities of single exons in small amounts of human DNA samples [17] . Approximately 15-25% of Rb cases due to large rearrangements has been reported in many previous investigations [18] [19] [20] . In the present study, the combined method of DNA sequencing and MLPA enhanced the diagnostic yield for discovering the mutation in RB1 clearly (73.53%) while the detection proportion by using single DNA sequencing was only 55.88%. Thus, we recommend that both methods (PCR direct sequencing and MLPA) be used to perform genetic testing for the RB1 gene in Vietnamese patients with Rb.
In nine cases in the cohort, we did not find a mutation in the RB1 gene in their blood samples. They may have somatic clarified by another method. Therefore, further studies on screening other elements should be examined to find out the causes of pathogenicity. However, these patients probably carry low-level mosaic mutations or mutations that reside deep in introns, which were undetected with current screening methods. In these situations, another approach for uncovering such mutations such as next-generation sequencing is desired [25] .
APPENDIX 1. CLINICAL FEATURES OF PATIENTS
To access the data, click or select the words "Appendix 1" *: sibling, F: female, M: male, B: bilateral, U: unilateral, Fa:
family, S: sporadic, L: left eye, R: right eye, NA: not available
